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Quark gluon plasma (QGP)

Quark gluon plasma (QGP):
* Many-body system with
partonic degree of
freedom

¥ * Emergent properties

Temperature &

* The Universe was in this
form ~us after Big Bang

Net Baryon Density

» Lattice QCD predicts phase transition at high temperature/density

» It was proposed to search for and study the properties of QGP via
collisions of heavy 1ons at high energy
* Operating accelerators: RHIC@BNL, LHC@CERN...
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Hard Probes: Penetrating probes of QGP

Initial Hard QGP and Hadronization Hadronic phase
Stage Scattering Expansion |

|
e}
"l'l
W
!
Ll I‘
L

Hard Probes:
* Dominantly produced in the 1nitial hard scatterings (before QGP
formation)
o Jets
Quarkonia

* Interact with the medium when penetrate the medium, probe
QGP properties
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Jets

Charged /

hadrons Tf f /

Charged

hadrons I%'

nucleon
nucleon

Parton Distribution Function Nuclear PDF
Hard-scattering cross-section Hard-scattering cross-section

Fragmentation function

Fragmentation function

p+p collisions Heavy-1on collisions
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Suppression of high-p hadrons in A+A

o 27.4 pb’ (5 02 TeV pp) + 404 ub' (5.02 TeV PbPb) O-i"el d2 NAA/de dn
1 1 IR lIIIIII 1 1 lllllll I I l—
CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb) . AA = Npp 5
1.8 o WA (0-7%) [*]CMS (0-5%) —
* 7 NA49 (0-5%) Models 5.02 TeV (PbPb) N < coll > d 0 pp/ dp T dn
1.6 RHIC 200 GeV (AuAu) ||| SCET, (0-10%) .
’ o 2 PHENIX (0-5%) Hybrid Model (0-10%) |
* h STAR(0-5%) |||| Bianchietal.(0-10%) _ . .
1.4 LHC 2.76 TeV (PbPb) = CUJET 3.0 (h's=", 0-5%) | R A A_l 1f no medlum effeCt
¢ ALICE(0-5%) = Andresetal. (0-5%)
1.2 v ATLAS(0-5%) == v-USPhydro+BBMG (0-5%)]
:{t ’ o CMS (0-5%) N
oC

0.8
0.6
0.4
0.2F o &

lll{llllllllllIIIIIIIIIIIIIIIIIIIIIIIII

Significant suppression of high-
1 pr hadrons discovered at RHIC
1 and confirmed at LHC with

{ larger dynamic range

O 1 RS
1
CMS, THEPO4, 039 (2017 GeV Jet : :
207 Py (GeV) leading particles
-
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No suppression in p+Pb
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ALICE, JHEP11, 013 (2018)
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No suppression of mid/high-p;
hadrons in p+Pb
* The Run2 results confirmed

results already achieved in
Runl at LHC

Suppression in heavy-ion
collisions 1s due to final-state
effects
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Recent results about suppression of jets
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 Significant suppression of “fully” reconstructed jet is also
observed from 40 GeV upto 900 GeV
* More suppression towards central collisions

Shift of p; spectrum due to energy loss
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Di-jet imbalance
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* C(lear imbalance of di-jet observed in heavy-ion collisions
* More balanced in peripheral collisions than in central collisions

More results from jet geometry engineering are not shown
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Modification of jet fragmentation
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* Enhancement at low p or z medium

Hard parton interact with the medium and lose energy in the
partonic phase (before fragmentation)
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Modification of jet shape

ATLAS, arXiv:1908.05264
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pr< 4 GeV/c: Enhancement and increasing trend

pr=>4 GeV/e: Suppression and decreasing trend

Lost energy transferred to low-p particles at large radial distance
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Bosons in heavy-ion collisions
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No suppression for isolated-photon, Z
boson and W bosons in Pb+Pb collisions

Use them to define the 1nitial kinematics

Isolated-photon and Z is preferred
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Imbalance with isolated-photon
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Jet fragmentation with isolated-photon
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Jet shape with isolated-photon
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Enhancement of constituents at larger radial distance in central events
Direct observation of jet broadening in the QGP
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Flavor dependent modification?

ATLAS PRL123 042001 (2019)
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v-tagged jet:
Inclusive jet:

quark jet dominant
gluon jet dominant

Fragmentation function W.R.T p+p shift to higher z for y-tagged jet

compared to inclusive jet > Color charge at play?
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Suppression of charm jets
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Similar suppression trend for D%tagged jets as for inclusive jets and D°
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Imbalance of bottom jet pairs

404 ub (5 02 TeV Pbe)

PIC2019, Sep. 19, 2019, Taipei
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Flavor/mass dependent energy loss?
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Heavy flavor hadron production
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CMS, PLB796, 168 (2019)
¢ Rua(AS) >Rya(D,") >Ryu(D) > Ry y(1) @ pr<10 GeV/e @LHC

* Similar behavior observed @RHIC (not shown)

* Rya(B) > Ryu(B) @ pr<~20 GeV/e

Hadronization mechanism 1s important at this region
Heavy quark transport in QGP + quark coalescece + (strangeness enhancement)?

Stay tuned!!
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Quarkonium suppression in QGP

In QCD medium
In vacuum

=% —>

Dissociation in QGP due to color-screening

=>» Signature of QOGP formation T Matsui, H. Sazt, PLB174, 416 (1986)

02T, 0.74T, 11T 2.3T,

C

£ (GeV/ind) T, depends on quarkonium size

Y(35) Y@s),, ‘s = Sequential melting
Ay w = QGP Thermometer

A A 1 ,: dissociation temperature
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Quarkonium regeneration in QGP

Melting in QGP Regeneration in QGP

VS.

Cqflor Screening

J/ J/w
<\ Y Y
. . o>
Regeneration in QGP due to quark - Regeneration
coalescence =
=
=» Deconfinement is a prerequisite E
=z
x N fg =~ QGP melting
=
More important at low p 4 Energy Densizy
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Quarkonium in heavy-ion collisions

Quarkonium production also modified by cold nuclear matter
(CNM) effects on top of hot matter effects

Quarkonium production in heavy-ion collisions are the interplay
of color-screening/melting, regeneration and CNM effects

QGP melting

Each of the effect has different
species, pr, rapidity,
collision centrality, energy, system ...
dependence

Regeneration C

Zebo Tang (USTC) PIC2019, Sep. 19, 2019, Taipei 24



JAp production in p(d)+Au @RHIC
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0.2F- 2R, EPSO9NLO Ma & Vogt
“E == Ry, NDSg + 6, =4.2mb Ferreiro et al.
C 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1
% 2 a 6 8 10
pT [GeV/c]

No CNM effects observed in p+Al
Similar increase trend in p+Au and
d+Au at different rapidity
Consistent with unity at high p

(pr>~ 5 GeV/e)
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ALICE, EPJC78, 466 (2018)

JAp production in p+Pb @LHC

k' prompt Jiy
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[ ELoss with q0=0.075 GeV?/fm (Arleo et al.) 7]

[77] EPS09 NLO + ELoss with q,-0.055 GeVZfm (Arleo etal) -
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CMS, EPJC77, 369 (2017)
pPb 34.6 nb™", pp 28.0 pb (5 02 TeV)
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Similar trend as at RHIC

* Low py: Significant suppression = CNM effects
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ATLAS, EPJC7S, 171 (2018)
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* High p;: Consistent with unity = CNM effects negligible
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JAp R, vs. prin heavy-ion collisions

Au+Au @ 200 GeV, Inclusive J/ 1.6} (a) 0-80% STAR (b) 0-20% AwAu@ ﬁo_?sﬁ‘z\{‘ "
. . EZZ2 T™ 1I: TAMU
¥ STAR:J/y—p'y', lyl< 05 14 I Coll. dissociation, t

[ | systematic uncertainty mmm Coll. dissociation, t |~

qp PHENIX: J/ y—e'e’, |y|<0.35
O® STAR:J/ y—e'e, |yl<1

RAA

Pb+Pb @ 2.76 TeV
[J ALICE: Inclusive J/ v, 0-40%, |y|<0.8
{y CMS: Prompt J/ v, 0-100%, |y|<2.4

STAR, PLB in press
arXiv: 1905.13669

0.2

°II

P, [GeV/c]

1.6F (c) 20-40%
14
1.2
1
0.8
0.6
04
0.2

(e) 60-80% o PHENIX: 60-92%
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- g
B £ 3
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o

Data at RHIC and LHC show different p; dependence
*All models shown include feed-down and CNM effects
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JAp suppression at low p.
pr>0.15 GeV/c

2 — SPS  RHIC LHC
1.8f— ¥ Inclusive: Au+Au @ 200 GeV, |y| < 0.5, p_> 0.15 GeV/c 151 2 o Lo rhn IISTARI: 'PL'B'7'7']""]3 (2'0] 7') t '_-
~ m Inclusive: Pb+Pb @ 2.76 TeV, |y| < 0.8, p_ > 0 GeV/c "o Theoreticaleurve SpPS - EPJC43, 145 (2005) 1
1.6 r - —Total PLB477, 28 (2000)" ]
- Au+Au @ 200 GeV, pT>0GeV/c 1 ---- Primordial ALICE: PLB734. 314 (20]4) |
1.4— ——TMI: Tsinghua ---- SHM - Regeneratlon ' L ]
- 7 TM Il: TAMU - . Preliminary H ]
2 0.8 mid-rapidity .
s TR —— - Centrality: 0 - 20% -
5 - . 0.6 —
0.8— C ]
osk. | % 0.4 [ =
0.4F 0.2 e = i
0-25 N_,, uncertainty - D ]
o_[ PN S T N T N T AT T N T AU T AN T A A 0 C 1 | — | L1l | Ll 1 | l—

0 50 100 150 200 250 300 350 1 02 1 03

STAR, PLB in press ~ ALICE, JHEP07, Noar ISy (GEV)

arXiv: 1905.13669 051 (2015)

Low p;: Interplay of melting, regeneration and CNM effects

SPS - RHIC - LHC
Flat or slightly increase  significantly increase

CNM domain CNM-+melting Regeneration domain
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Forward rapidity

rrrrrrrrrrrrrprrrrprrrrrrrrprrrrrrregey -IlllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

@ 14 i INCHESVE 'y = J} ALICE inclusive Jiy — p'w,2.5<y <4 ]
® ALICE, Pb-Pb |5, =5.02TeV,25<y <4,p_<8GeV/c ]
1okl ™ ALICE Pb-Pb|sy,=276TeV,25<y <4,p <8GeVic ® Pb-Pb\s,=502TeV -

O PHENIX, Au-Au\s, =0.2TeV,1.2<y| <22, P> 0 GeV/c ® Xe-Xe\Sy\ =544 TeV

:
e TLERRLI e NCRCe -
0.6 HH@@ T E@ﬁ Sy e
u
0.4 Eﬁ & ] "I Transport model (Du and Rapp) _
0.2 B g a @ 1 o02f -
0....I.;..I.;..l....l....I....I....l--.-l: 0:....I....I....I....I....I....I....I----I:
0 50 100 150 200 250 300 350 </300) 0 50 100 150 200 250 300 350 400
ALICE, PLB766, 212 (2017) par ALICE, PLB785, 419 (2018) "X~ parroPe
* Flatat N, >100 * Similar level of
suppression seen in

e 2.762>5.02 TeV:

Increase is not significant Xe+Xe and Pb+Pb

Balance of CNM, melting and regeneration
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JA suppression at high p.

2
E Inclusive: Au+Au @ 200 GeV, P> 5 GeV/c STAR
18— X% ly|<05 Olyl<1
1 6:— m Prompt: Pb+Pb @ 2.76 TeV, |y| < 2.4, P> 6.5 GeV/c
- Au+Au @ 200 GeV, p_> 5 GeV/c
14— — —TM I: Tsinghua
C ZZ TM Il: TAMU
< 1.2
e
1._. ..... TSy JUpp
pr>5GeV/e > TeEn 1
S osb !Ir -
STl iy T
06 -
STAR, PLB in press 0.45 ] m @3 N gﬁj;—--
arXiv: 1905.13669 = L
0'2f N,,, uncertainty CMS EPJC77 252 (2017)
_IIII[IIIIII]IIIIIII[ IIIIIIII IIIIIIII
0 0 50 100 150 200 250 300 350
Npart

High p: CNM effects and regeneration are less important

* Significant suppression in central collisions = QGP melting

* Suppression systematically less at RHIC than at LHC = T at play?
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J/Ap suppression at very high p.

s T : 3
T g ATLAS ) ER
sy = 5.02 TeV, 0.42 nb ] -
0.8 = 1.4¢
Q.75 m= Charged particles, 0-5%, 2.76 TeV _f .

-¢- Non-prompt J/y, 0-10%

0.6 - Prompt J/v, 0-10% ﬂ 1F
0.5 . N
] 0.8

0.4 s [
0.3 ri s - 08¢
0.2 - E 0.4f
0.1 E 0.2f
E 1 1 11 | | | | T = :

678 10 20 30 40 100 0

1.2F

PbPb 368 ub™, pp 28.0 pb™' (5.02 TeV)
L} L T T V0 I Ll L} Ll T

—

CMS

Hidden charm ]

Prompt Jhy Supplementary -
$18<lyl<24 Hlyl<24 ;
Open charm -
® D" HiN-16001 i

yl<?t

Cent. 0-100%

bt

ATLAS, EPJCT8, 762 (2018) P [GeV]

10
p, (GeV/c) CMS, EPICTS, 509 (2018)
PLB782, 474 (2018)

JAp suppression at very high p; similar as h*, B>J/ and open charm

Driven by parton energy loss?
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Upsilon suppression @ RHIC

027, 0.74T, 11T, 2Ty 30-60% 10-30% 0-10% o
‘ a " » . ' ' ' STAR Preliminary
E (GeV/fm3)

= - ¥ Y(1S): Au+Au@200 GeV, lyl<0.5
Y2S)y, v1s) /1.2 - ¥ Y(28+3S): Au+Au@200 GeV, lyl<0.5
4 - Y(1S+25+3S): p+Au@200 GeV, lyl<0.5
1

1/}, Ze Jy leecececaicciciccadadcdicicdacadassccccsccsacscscsscesacsssesscecassssccscscassssesssscassssssssssasans
i STAR Preliminary
S 0.8 %
<" n
-
& 0.6 E
0.4 @
0.2 - N_,, uncertainty @ @
0 | L | L | L | L
0 100 200 300 400
part

* Most precise Y's suppression measurements in A+A at RHIC
* More suppression in 0-30% central collisions than peripheral
* Y (2S+3S) more suppressed than Y'(1S) = Sequential melting
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Upsilon suppression @ LHC

CMS, PLB790, 270 (2019)
PbPb 368/464 ub™, pp 28.0 pb™ (5.02 TeV)
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PbPb 368 ub™, pp 28.0 pb™ (5.02 TeV)

p, <30 GeV CMS |
ly| < 2.4 1
Cent. 0-100%

o ® [ \|s,,=502TeV
e 8] (sny=276TeV

g E
95% CL
o

Y(1S) Y(29) Y(39)

More clear signal of sequential suppression

Models fairly describe the data
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<
<

Can not be explained b

’ PbPb 368 ub™, pp 28.0 pb™ (5.02 TeV)
0.93_ pT<30GeV CMS —f

E lyl <2.4 ]
0.8 cent. 0-100% =
0.7 o ®m ] |5,=502TeV
0.6f e 8] (sn=276TeV -
0.50 g :
04;_ |E| ---/
0.3F . -
0.2 95% CL
0.1- nE h E

Y(1S) Y(2S) Y(35)

*Estimated by eyes

Precision to be improved

y CNM effects only
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® LHCb, pPb \s,, =8.16TeV, JHEP11(2018) 194

0.2 N ALICE, pPb \sy, = 8.16TeV, based on ALICE-PUBLIC-2018-008
[ === Comovers, E. Ferreiro, PLB731(2014) 57, arXiv:1804.04474
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Summary and Outlook

* Developments have been made to better understand the “jet
quenching” mechanism

* Isolated-photon tagged jet measurements

* Examining flavor/mass dependent energy loss 1s on the way

* More/better evidences of deconfinement via quarkonia recently
* Heavy quark coalescence (regeneration) seen in low-p J/
* QGP melting in high-p; J/Ap
* Sequential suppression in Upsilon states

Coming in near future: Th
nksl!
sPHENIX@RHIC and LHC Run3 data = S

Significantly increase the statistics (orders of magnitude)
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Di-jet imbalance

0.25 0.25 ;
p>2 GeVic: pf*‘>02 GeVic, Matched: p‘; w2 Gchc::. p$°'>o.2 GeVic, Matched:
© p+p HT @ AusAu MB O p+p HT @ Au+Au MB i © p+pHT ® Au+Au MB O p+p HT & AusAuMB
02 o AutAdHT " AutAuHT 02 o AusA§HT = AusAuHT
c . ‘ AusAu, 0-20% - n i + Aus+Au, 0-20%
€ 015fF STAR . * i + Anti-k;, R=0.4 2015 STAR — * o + Anti-k,, R=0.2
- ro ‘ -
& - * ? With p°*>2 Gevic: | £ o With p©>2 GeVic:
E oil : ; ? P, ou” 20 GeVic = - { + p“.}zo GeVic
g o L3 y X Prne”10GVE | € 0.1 } § Pro10GeVe
[~ o
n o o : 3
0.05 | o ! ¥ 0.05 |- §
. ¥4 n
0;.‘ .l ....... | T ST TR T 1 A. -g_‘ Ql . ' % : - ’ . E ° gl
’ ' ek PR BT T T | B ..
0.2 0 02 0.4 0.6 0. Ny o5 53 -y
R=0.4 plead _,SubLead R=0.2 A,
Ve — V.
Ap= SLead ,Sublead \ STAR, PRL119, 062301 (2017)

* For R=0.4, more di-jet imbalance in Au+Au compared to p+p

e Balance recovered when soft constituents are included

* For R=0.2, balance no longer recovered even includes soft particles

parton sﬁ

medium
—> Softening of jet constituents and broadening of jet structure
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Upsilon suppression: RHIC vs. LHC

1.4 30;60% 10;30% 0]10% 1.4 30I-60% 10;30% O-IIO%
¥ Y(1S): STAR Au+Au@200 GeV, lyl<0.5 - ¥ Y(2S43S): STAR Au+Au@200 GeV, lyl<0.5
1.2~ 4 Y@1S): CMS Pb+Pb@2.76 TeV, lyl<2.4 1.2 4 Y(@2S): CMS Pb+Pb@2.76 TeV, lyl<2.4
- Rapp [CISTAR CMS ' - Rothkopf [ |STAR lcms
T Frpmmasca e S
3 | STAR Preliminary I STAR Preliminary
& 0.8 < 0.8
~ L < -
E 0.6 - ~ 0.6 N_,, uncertainty
— I | i
0.4 ) i I 041
0.2 - N_,, uncertainty 0.2
0 | L | L | . | L 0 | L | L | L | L
0 100 200 300 400 0 100 200 300 400
Npart part

Y(1S): Similar suppression at RHIC and LHC, within uncertainties
Y(2S+3S): Systematically stronger suppression at LHC than at RHIC

Models describe the data at both energies
(tension in peripheral collisions for excited states)
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Electromagnetic field in heavy-ion collisions

Strong EM field accompanies the nuclei 4+
in relativistic heavy-ion collisions VY

\ |
| |
i. l

\
!

B ~ yZeb/R3~ O(10'* Tesla) @RHIC n ~
{ l — -
R EREE
.‘\j“ e VA YAV AV .'. i i
I\ A <anmA L[]
:" | ' ‘;" Vil /
The Lorentz contracted EM field canbe [/ | A
| | NI |
expressed in terms of equivalent photon Y/
v

flux E. Fermi, Z. Phys. 29, 315 (1924)
(1l

* The quasi-real photons can 1nitiate YA or yy collisions 1n
relativistic heavy-ion collisions
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Clear J/p signals at very low p

YA YY
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arXiv: 1904.11658, accepted by PRL
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Very-low-p J/Ap enhancement at STAR

O:J_| B ' S | ' o ' S :102: ' o ! ’ A’1'1AT 60180‘/‘11T”]
S L & STAR ©UsU4060% | = | e A0.R0o
> 10 o UsU 60-80% ¢ Au+Au 40-60%
S F " ' ‘-?_ﬁ +L bEele ® DSJ] ¢+ Au+Au 20-40%
= $ o U+U 60-80%
u.- 105 .E_. ........................ ;..- ] 10 B ¢ o U+U 40.600/0 |
%._ S ®- g [ p+p baseline uncertainty
= O # I 60-80% N, uncertainty -
S qosf T - &7 [ 40-60% N, uncertainty |
£ b [ 20-40% N__, uncertainty -
e L ¢+ Au+Au 20-40% _ & @
@ 107 e Au+Au 40-60% E : ‘ § 3P 15
- = Au+Au 60-80% - STAR 5 mow i
10 10 1 10
P, (GeV/c) P, (GeV/c)
. . . a
Fit fun. (empirical): -
2.2
Pr

Significant enhancement of J/ yield at p<0.1 GeV/c in
(semi-)peripheral Au+Au and U+U collisions, R, , ~40

Confirm ALICE observation (PRL116, 222301 (2016))
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Momentum transfer squared distribution

—
e
«

vvvvvvvvvvv

— exponential fit

10 E
- e Au+Au

o U+U

B,., d°N/(dtdy) [(GeV/c)?]

-
o
&

----interference shape
centrality: 40 - 80%

0.04 0.06

0.08

“t=p2 [(GeV/c))]

First -t distribution of J/4p production at low p; in non-UPC

Slope = 177 + 22 (GeV/c)? consistent with expected from
coherent photoproduction for an Au nucleus (199 (GeV/c)?)

The drop at the lowest bin may be an indication of interference

v2/ndf = 4.8/4
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Centrality dependence of yield

dN/dy
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* No significant centrality dependence for very-low-p; J/p
 Model calculations with all scenarios describe data at b~2R

* “Nucleus+Spectator” and “Spectator+Nucleus™ are favored
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Coherent photoproducts in QGP

Non-overlapping
region

Overlapping
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— Novel probe of QGP

Deconfinement
EM field
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Relativistic Heavy Ion Collider @ BNL
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Large Hadron Collider @ CERN

< 2.6, 5. 02 TeV for PbPb
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